Diagenesis, provenance and reservoir quality of Triassic T AGI sandstones from Ourhoud field, Berkine (Ghadames) Basin, Algeria Also, this change has contributed to the significantly different diagenetic paths followed by the Lower TAG! quartz arenites and the Middle
Introduction
Detrital composition can critically influence the reservoir quality of sandstones by conditioning the pathway of both physical and chemical diagenesis (e.g. Bloch, 1994) . Intra formational variations in detrital composition can thus cause significant heterogeneity in sandstone reservoir quality. fields. This has been primarily attributed to the complex depositional architecture (Echikh, 1998) . Therefore, consid erable research effort has been made on the sedirnentology and stratigraphy of these deposits (Carney et aI., 1999; Scoll & Wheller, 1999; Wheller et aI., 1999; Turner et aI., 200 1) . However, little is known of the provenance and diagenesis of these sandstones, and the implications of these factors for reservoir quality (Echikh, 1998) . With the aim of helping to close this gap, this paper describes the cornpositional and diagenetic features of the TAGI sandstones in two wells from the Ourhoud field ( Fig. 1 ) and discusses their prov enance and diagenetic evolution, as well as the influence of these factors on reservoir quality. In particular, this study reveals that the TAGI succession contains a significant intraformational change in detrital composition caused by a change in provenance. This change in composition provides a potential criterion for stratigraphic correlation within the TAGL This paper also illustrates that the reservoir quality of the TAG! sandstones is largely controlled by the distinct pathways of diagenesis followed by the sandstones of the Lower and Middle-Upper parts of the TAG!. This variation in diagenesis is mainly related to differences in initial feldspar content and in syndepositional grain-coating illitic clays.
Geological background
The intracratonic Ghadarnes Basin contains up to 6 km of Paleozoic and Mesozoic sedirnents and stretches over parts of eastern Algeria, western Libya and southern Tunisia ( Fig. 1 ) (Acheche. M'Rabet. Ghariani. Ouahchi. & Montgomery. 200 1). The term 'Berkine Basin' refers to the western. Algerian part of the Ghadarnes Basin (Cochran & Petersen. 2000 ) . In the subsurface. the Berkine Basin is limited to the west and north by the Hassi Messaoud and Dahar structural ridges. respectively. Southward. the Berkine Basin is separated from the Illizi Basin by the Mole D' Ahara. which acted as a continental paleohigh during the Mesozoic and Cenozoic (Gauthier, Boudjerna, & Lounis. 1995) .
The Paleozoic (Cambrian to Early Carboniferous) fill in the Berkine Basin consists of a predominantly silicic1astic succession reaching up to 3.5 km in thickness (Askri et al., 1995) (Fig. 2) . The Hercynian orogeny caused uplift and partial erosion along the basin margins. During the early Mesozoic, an extensional basin was superimposed on the pre-existing Paleozoic basin. The Mesozoic basin records sedimentation on a southern continental margin of the Tetbyan sea and contains up to 4 km of sedirnents (Boote, Clark·Lowes. & Traut. 1998) (Fig. 3) . Continental Triassic deposits were deposited over a Hercynian unconforrnity in a series of northeast-trending grabens that opened to the proto·Tethys toward the northeast (Boudjema. 1987; lackson. Moore. Quar1es. & Bellis. 1996) . Prevalent marginal marine conditions since the Late Triassic resulted in a thick succession of Upper Triassic and Liassic evaporites, which are overlain by Late Jurassic to Early Cretaceous carbonates and siliciclastics (Askri et al.. 1995) (Fig. 2 ).
An early Aptian phase of deformation resulted in strike· slip faulting, localized tectonic inversion and uplift (Boote et al.. 1998; Echikh. 1998; lackson et al.. 1996) . Renewed late Aptian to Senonian subsidence resulted in the sedimen tation of a carbonate-and evaporite-dominated succession, up to 1 km thick (Fig. 3 ). Eocene to Miocene compressional tectonic activity caused subtle folding, uplift, and erosion, especially to the north (Boote et al.. 1998) . Tertiary sedi· ments are preserved only in the central parts of the basin and consist of a relatively thin « 200 m) Miocene to Pliocene succession unconformably overlying Upper Cretaceous strata.
The Ourhoud (ORD) oil field. subject of the present study. is located within the central part of the Berkine Basin. Here, most of the oil fields discovered lie along a SW -NE oriented trend (Fig. 1 ). This trend contains at least six fields which have reserves exceeding 250 million barrels of oil equivalent (MMBOE). and three of them (El Borma, Hassi Berkine South, and ORD) have reserves > 1000 MMBOE Cochran & Petersen. 2000; MacGregor. 1998a.b; Sh irley. 2000 ) . Most of this oil is reservoired in TAGI sandstone in structural traps sealed by Liassic evaporites. The traps originated as tilted fault blocks during the Late Triassic-Liassic extension phase and some of them were later modified by the Aptian transpressive deformation (Boote et al.. 1998; Cochran & Petersen. 2000; Echikh. 1998; lackson et al.. 1996) .
Lower Silurian and Upper Devonian (Frasnian) black shales are the primary petroleum source rocks across the whole Saharan Platform. including the Berkine Basin (Makhous. Galushkin. & Lopatin. 1997; Yahi. Schaefer. & Littke. 2001) . In the northwestern part of the basin. these source rocks subcrop the Hercynian unconformity and are thus in direct contact with Triassic sandstones (Fig. 2) . This facilitated lateral updip migration to the southeast. charging Triassic sandstones in structural traps sealed by Triassic Liassic mudstones and evaporites. The oil fields of the central part of the Berkine Basin are located a relatively short distance updip of the Devonian subcrop and thus the Frasnian shales constitute the most likely hydrocarbon sources (Fig. 2) . In fact. two· dimensional basin modeling and maturity data (Yahi et al.. 2001) support the hypothesis of a Frasnian source for the oils of ORD and nearby fields. According to the same authors, in the central Berkine Basin petroleum generation from the Frasnian source beds peaked during the Late Cretaceus-Tertiary, and these source rocks are currently in a mature to late mature stage.
TAG! stratigraphy
The Carnian TAGI sandstones are present over a large part of the Berkine Basin, covering the Hercynian uncon formity (Fig. 2) . They can exceed 100 m in thickness and pass to the NW into shales and volcanic rocks (Boudjema, 1987) . In the central and SW parts of the basin. most TAG! sandstones were deposited in fluvial braidplains that drained NE (Cochran & Petersen. 2000; Wheller et al.. 1999) . Stra tigraphically upward and toward NE. the braided· river sandstones grade into meandering river deposits, which in turn pass in the El Borma area into tide-influenced deltaic sediments (Ben Tahar. 1991; Echikh. 1998) . The overall transgressive character of the TAGI culminated with the deposition of the coastal to shallow marine shales and carbonates of the 'Triassic Carbonate' unit (Boudjema, 1987) .
The TAGI contains several laterally extensive mudstone intervals (Acheche et al.. 200 1; Boudjema. 19 87) . which are interpreted, in part, to be lacustrine in origin (Camey et al., 1999; Wheller et al.. 1999) . In the central·western part of the Berkine Basin, the presence of these intervals has allowed the subdivision of the TAG! into three main sandstone/mudstone units (i.e. Lower. Middle and Upper; Fig. 3 ; Ford and Scoll. 1997; Cochran & Petersen. 2000; Scoll & Howells. 2000 ) . According to Daniels. Hook. Sorensen. and Ernrne (1994) . the lower TAG! is trans· gressive and represents a third-order sequence. In the ORD field. the Lower TAG! can be further subdivided into three subunits referred to, in the following, as TLl, TL2. and TL3 (Fig. 3) . om�� A G E - . LL=::J:�:::: :d _ DOLOSTONE   I  I  I  I  I  I  I  I  I  I  I  I  I  I  I  I   I  I  I  I The mudstone bed that separates the Middle TAGI from the Upper TAGI, known as the 'A-B shale', is a regional stratigraphic marker. Towards the northeast, it contains marine fossils (Ben Tahar, 1991) , suggesting that rnudstone deposition, at least in this strati graphic level, may be related to relative sea-level rise. Minor unconforrnities, locally marked by paleosols, occur at the top of the major mudstone units (Ben Tahar, 1991) . This suggests that some of the sandstone-mudstone sequences may have formed in response to cyclical varia tions in base level, likely to be related to relative sea-level changes. 
Materials and methods
Thirty selected core-plug sandstone samples were studied from a well (well A) in which reservoir quality is representa tive of normal field conditions (i.e. porosity and penne ability values close to field average; Jorge Navarro, pers. cornm.). Ten additional cutting samples were analyzed from a second well (well B, where no cores were taken), located close to the major NE-trending field-bounding fault zone. In well B. the TAG! sandstones have gamma ray values similar to well A. but log-deduced porosities are significantly lower. suggesting possible diagenetic differences between the two wells. The samples represent, in similar proportions, the Lower TAG! (21 samples. �32 m of sandstone). and the Middle-Upper TAG! (19 samples. �32 m of sandstone). After removing oil using acetone, plug slices were impreg nated with dyed resin and ground deeply enough to remove any potential artifact porosity (cf. Pittruan. 1992). Two sets of double-polished thin sections. one of them stained for K feldspar (using sodium cobaltnitrite) and carbonates (using alizarine red-s and potassium ferricyanide), were prepared for petrographic study. Quantification of mineralogy and porosity was achieved by counting 400 points per thin section. Bulk and clay mineralogy was confirmed and determined. respectively. by X-ray diffraction (XRD). Freshly broken and polished sample surfaces were studied using a JEOL JSM 6400 scanning electron microscope (SEM) equipped with an energy dispersive X-ray (EDX) rnicroanalyzer, in secondary electron and backscattered electron (BSE) modes. Cathodoluminescence (CL) petro graphy was carried out using a Technosyn MK4 lumino scope. The chemical composition of carbonate cements was determined by wavelength-dispersive X-ray spectrometry using a JEOL JXA-8900 electron microprobe (15 kV accel erating voltage. 21.5 nA beam current. 5 fLm beam size). Detection limits were approximately 100 ppm for Mg. 150 ppm for Ca. 250 ppm for Mn and 300 ppm for Fe. The results were normalized to 100 mol% CaC03• MgCO,. FeCO,. MnC03• and SrC03.
ResnJts

Depositional texture
The sandstones of the Lower TAG! show an overall fining-upwards trend (Table 1 ). In the basal part. they are typically moderately well to very well sorted and lower fine-to lower coarse-grained. Stratigraphically higher uP. sandstones are typically moderately well sorted and upper fine to upper medium grained. In the uppermost portion of the Lower TAG!. sandstones are extremely well sorted and fine grained. Many Lower TAG! sandstones show lamination defined by variations in grain size. The finer grained laminae typically contain ablll1dant grain-coating clay and show a denser packing, as a result of enhanced chemical compaction. Intergranular clay is abundant in subunit TL2. ranging from 14 to 26 vol%. By contrast. most sandstones from sublll1it TLl contain <5% of detrital or authigenic clays. Detrital quartz grains are usually very well rounded in the Lower TAG!. An exception is the clay-rich sandstones in subunit TL2, where numerous quartz grains show corrosion embayments.
In the Middle-Upper TAG! sandstones. the average grain size is upper fine sand (range: lower fine to upper medium) and most samples are well to very well sorted and lack significant detrital clay matrix (Table 1 ). However. detrital clay occurs as local concentrations along stylolites, which are more common in the Upper TAGI, and also along laminae defined by concentrations of argillaceous intra clasts. These argillaceous grains are usually deformed by compaction and largely converted into pseudomatrix.
Detrital composition
The sandstones of the Lower and Middle-Upper TAG! have different detrital composition.
Lower TAG!
The Lower TAGI sandstones are quartz arenites, with the framework consisting predominantly of monocrystalline quartz grains (Fig. 4 . Table 1 ). The average composition is Q983Fo6Ru (Fig. 4A ). K-feldspar typically represents < 1 % of the framework. Plagioclase is absent. Detrital feldspar was partly dissolved and/or replaced by kaolin during diagenesis. Nevertheless, restored feldspar content is remarkably low: Q(r),7,F(r)L7R(r)u (Fig. 4B) . Restored feldspar contents are obtained by adding to actual contents the percentages of secondary porosity formed by dissolution of feldspar grains and of authigenic minerals interpreted to have replaced feldspars. The content of sand-grade mudstone intraclasts is variable, commonly <5 vol%, but higher in laminated samples. Mudstone clasts are mainly composed of illite. which is also the predominant detrital clay in the interbedded mudstones. Mica and heavy minerals (zircon, tourmaline and rutile) appear in accessory quantities «0.5 vol%). Sedimentary rock fragments (quartzarenitic to subarkosic sandstones) are common towards the base. The relative abundance of quartz types is Qm947Qp2-34,Qp > 3u• where Qm is monocrystalline quartz. Qp2-3 polycrystalline quartz with 2-3 subcrystals. and Qp > 3 polycrystalline quartz with >3 subcrystals (Fig. 4C ). Under CL. the quartz grains show both red brown and blue colors, with the occasional presence of bright red grains. A large number of quartz grains show inherited abraded overgrowths, which are more obvious in matrix-rich sandstones.
Middle-Upper TAG!
The Middle-Upper TAG! sandstones are subarkoses. with the framework dominated by quartz. K-feldspar and mud intraclasts (Fig. 4 . Table 1 ). Similar to the Lower
70 Q P2-3 70 3 "Recycled Orogen" (Dickinson, 1985) .
TAGI, detrital feldspar was partially eliminated during diagenesis. Actual and restored average compositions are QSS , P9S RL9 and Q(rls,,F(rhs,,R(rh7, respectively ( Fig. 4A ,B). Plagioclase grains (0-4.4% of the framework) are less common than K-feldspar grains. Illitie intrac1asts are minor but common components, especially towards the top of the Upper TAG!. They typically occur concentrated in laminae, locally favoring stylolitization. Other minor framework components include micas, metamorphic rock fragments (quartzose-rnicaceous schists), granitic rock fragments, heavy minerals (zircon, tourmaline and rutile), chert, and intrac1asts of microcrystalline siderite. The rela tive abnndance of quartz types is Qm797Qp2-3nQp > 3 11.1 (Fig. 4C ). CL shows both blue (more common in the Middle TAGI than in the Upper TAGI) and dark redlbrown (more common in the Upper TAGI than in the Middle TAGI) quartz grains.
Diagenetic phases
Significant diagenetic phases in the TAGI sandstones include illite, kaolin, pyrite, K-feldspar, dolomite, magne site-siderite, quartz, anhydrite, barite and bitnrnen (Fig. 5 ).
Grain-coating illitic clay
The coatings consist of illitic clay platelets arranged tangentially to, and in places partially detached from, grain surfaces (Fig. 6) sandstones containing ablll1dant mud intrac1asts than in sandstones with few mud intrac1asts. In laminated sand stones, coatings preferentially occur in the finer-grained laminae. These textural characteristics are consistent with an infiltrated (ultimately detrital and/or pedogenic) origin for the grain-coating illite (cf. Moraes & De Ros, 1990; Pittrnan, Larese, & Meald, 1992; Walker, Waugh, & Crone, 1978) . XRD reveals that illite is associated with traces of mixed-layered illite/smectite (in the Lower TAGI) and chlorite (in the Middle-Upper TAGI). In the Lower Tagi, some illitic coatings are texturally similar to smectite, suggesting a smectitic precursor (cf. Morad, Ben Ismail, De Ros, AI-Aasm, & Serrihini, 1994) that would have been partially to completely illitized during diagenesis. The presence of mixed-layered illite/smectite supports this hypothesis. Grain-coating illitic clays are abundant in the Lower TAGI, though with an irregular stratigraphic distribution (Fig. 5 ) that is facies controlled. In the Middle-Upper TAGI, grain-coating illitic clays are lll1common, and coats are usually thin and discontinuous.
Grain-coating kaolin
In samples from subunit TL2, kaolin (i.e. dickite and/or kaolinite, sensu Ehrenberg, Aagaard, Willson, Fraser, & Duthie, 1993) forms felt-like mats of platy crystals arranged tangentially around grains, locally occluding intergranular porosity. This type of kaolin is commonly mixed with illitic clays, and in this case CL helps in their discrimination. Similar to illitic coats, the formation of kaolin coatings predates compaction. Locally, the kaolin masses are red stained due to adsorbed Fe-oxides. XRD indicates that the kaolin mineral is mostly the dickite polytype. Sandstones containing grain-coating kaolin are relatively friable, white to reddish, typically contain root traces, and have low macroporosity and very low permeability. 
Vermicular kaolin
Kaolin with the characteristic vermicular or 'booklet' texture ( Fig. 7) occurs both as pore-filling cement and as a replacement product of feldspars. Most individual kaolin crystals show the blocky habit typical of dickite ( Fig. 7B ; cf. Ehrenberg et aI., 1993; Morad et aI., 1994) . In fact, XRD analysis of a randomly oriented clay fraction from a selected sample confirmed the presence of dickite. Dickite most likely replaced pre-existing kaolinite, as suggested by the presence of thin kaolin platelets, interpreted to be remnant kaolinite (cf. Morad et aI., 1994) , enclosed within or between dickite crystals (Fig. 7) . Because of its general replacement by dickite, it is difficult to place precipitation of the original kaolinite in the paragenetic sequence. However, kaolinite must have formed relatively early in the paragenesis, because it is enclosed by magnesite-side rite, quartz, and sulfate cements. This is consistent with the observation that some kaolin masses, that seem to be rep la cive of feldspars, have been deformed by mechanical compaction.
Vermicular kaolin is ubiquitous in the studied sandstones, but it is particularly common in the Middle-Upper TAG! (Fig. 5 ), due to the higher original feldspar content in the sandstones from these units. Here, XRD indicates that, after illite, kaolin is the second most ablll1dant clay mineral.
Pyrite
Pyrite occurs in minor amounts « 1 vol %), especially in Middle and Upper TAG! sandstones, where it forms mm-scale poikilotopic patches, preferentially within argillaceous grains and laminae, as well as within plant fragments. Pyrite is locally abundant along the contacts between sandstone beds and underlying mudstone, where it occurs as nodules of up to 1 cm in size (Terence Eschner, pers. cornrn.). Locally, pyrite also occurs as isolated pyritohedrons, up to 50 �m in diameter, that rim detrital grains and are enclosed in Fe-dolomite cement.
Dolomite
Dolomite occurs as poikilotopic crystals and, less frequently, as mosaics of rhombic crystals. Dolomite crys tals usually contain abundant fluid inclusions which give the . BSE images illustrating magnesite-siderite cement stratigraphy: A: Brell1lll erite (dark grey, MS1, lower right corner) is extensively replaced by pistomesite (bright, MS3), resulting in a mottled aspect. MS2 brell1lll erite (medium gray) fonns the bulk of this poikilotopic crystal and shows a combination of sector and concentric zoillng. ill the upper left corner of the image, pistomesite (bright, MS3) locally overgrowths MS2. B: Brell1lll erite (dark, MS1) originally formed the core of this crystal, but it is now selectively replaced by late-stage pistomesite (MS3, bright), which also constihltes the rim of the crystal. A prominent corrosion smface separates MS1 from MS2, which shows fine-scale concentric zoillng. C: MS2 covers detrital quartz (in black) smfaces lacking overgrowths, whereas MS3 (BSE-lighter, arrows) encloses, and hence postdates, euhedral quartz overgrowths (Q).
crystals a turbid aspect in transmitted light (Fig. 8A) . A high Fe content of the dolomite is indicated by its blue staining with potassium ferricyanide and was confirmed by EDX analysis. The intergranular volumes (lGV; sensu Lundegard, 1992) within dolomite-cemented domains usually exceed 40% (e.g. Fig. 8B ), which indicates precipi tation during an early stage of burial (a few hundred meters at most; cf. Gluyas & Cade, 1997). These high IGVs resulted from filling of primary intergranular porosity during shallow burial and are not apparently influenced by replacement of grains or from filling of secondary pores. This is because the grains enclosed within dolomite usually do not show signs of replacement and dolomite has not been observed filling secondary pores. Dolomite predates the precipitation of feldspar (Fig. 8C) , quartz, and magnesite-siderite cements, which normally over grow the outer edges of the dolomite crystals. Anhydrite and barite commonly replace, and hence postdate, dolomite cement. Dolomite is common throughout the :Middle Upper TAG! section of well B, where assessed contents range from �2 to �4 vol%. However, no dolomite has been observed in well A or in the Lower TAGI section of well B.
K-feldspar overgrowths
K-feldspar overgrowths are restricted to Middle-Upper TAG! sandstones (Fig. 5) , where assessed contents range from 0.5 to 3%, averaging 1.3%. K-feldspar overgrowths are commonly partially dissolved, and restored authigenic K-feldspar contents range from 1 to 4.25%, averaging 2.2%. K-feldspar overgrowths are relatively early in the paragen esis (Fig. 8C) . They predate significant compaction and also magnesite-siderite, quartz, and sulfate cements.
Magnesite-siderite
Magnesite-siderite is a common pore-filling cement and locally has replaced feldspars and mud intrac1asts. It occurs both as isolated rhombic crystals and as poikilotopic patches (Fig. 9) . Three main generations of magnesite siderite (MSl, MS2 and MS3) have been distingnished under BSE (Fig. 10) . MSl is composed of Fe-rich magnesite (breunnerite) with an average composition of Fig. 11 . Transmitted-light petrography of quartz, anhydrite and barite cements. A: euhedral syntaxial quartz overgrowths bordering primary and oversized (0) pores (blue), in a quartz arenite from subunit TL1. B: example of a Lower-TAGI sandstone, in which grain-coating illite has largely impeded quartz overgrowth and thus accOlmted for the preseIVation of signifi cant primary porosity (blue); minor amOlmts of quartz cement tend to OCClli as localized outgrowths (arrows). C: middle-TAGI sandstone with authigenic overgrowths on feldspar grains (F) that have partially impeded quartz overgrowths (black arrows). Porosity (blue) is mostly primary in origin, with additional honey-comb porosity (white arrows) resulting from (authigenic) feldspar dissolution. D: postcompactional magnesite-siderite cement (S) replacing feldspar overgrowths (white arrow). Black arrows indicate areas where a first generation of quartz overgrowth is seen to predate magnesite siderite cement. Note that quartz over growths are markedly thicker where magnesite-siderite is absent. E: poikilotopic anhydrite cement (brown-blue interference colors) with replacement feahlres along the margins of enclosed quartz grains and magnesite siderite (S) cement. Arrows point to corroded inclusions of magnesite-siderite. F: poikilotopic anhydrite enclosing euhedral quartz overgmwths (arrows). G: poikilotopic anhydrite enclosing quartz grains with scarce and irregularly developed overgrowths. The anhydrite preferentially replaced magnesite-siderite cement, as demonstrated by the OCClUTence of inclusions (black arrows) inside anhydrite crystals. H: poikilotopic barite cement (gray interference colors, B) has replaced dolomite (D), as indicated by the presence of corroded dolomite inclusions (arrows) within barite. 1: fluid-inclusion-rich poikilotopic barite cement (gray interference colors, B) replace extensively the margins of the enclosed quartz grains. . �� ..
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(Ca ooosMg0 664Fe 0319Mn001,)C 0 3 (N � 44). It is relatively dark in BSE and is commonly partially replaced by YOlll1ger siderite zones, resulting in a mottled BSE aspect (Fig. lOA) . A corrosion surface separates MSl from MS2 (Fig. lOB) . MS2 is mainly composed of Fe-rich rnagnesite (breunnerite), with an average composition of (C aooos Mg os 3Fe o44s Mn oo, )C 0 3 (N � 94), and shows con centric and sector zoning (Fig. lOA-C) . MS2 can be sub divided into subzones whose Mg content decreases progressively towards the younger subzones, with the latest one composed of Mg-rich siderite (pistomesite). MS3 is entirely composed of Mg-rich siderite (pistomesite) with an average composition of (C aoo0 4Mg o 364Feo 61sMn0016)C 0 3 (N � 73). MS3 has a relatively bright BSE aspect, may overgrow MS2 and, more commonly, infills irregular areas within MS1 or replaces extensively MS1 (Fig. lOB) . MSl predates significant cornpaction and quartz over growth, but locally infills feldspar molds and thus postdates some feldspar dissolution. MS2 postdates much cornpaction and, at least in part, predates quartz overgrowth. MS3, however, engulfs, and hence postdates, quartz overgrowth (Fig. lOC) . MS3 is postdated by anhydrite and barite and shows no signs of dissolution, as it displays euhedral crystal faces where it borders porosity.
Magnesite-siderite is present throughout all the studied sections, but with a tendency to gradually decrease in abundance downward (Fig. 5) . Its abundance is higher in well B, but this datum must be treated with caution, as cutting samples tend to be biased towards mechanically more resistant lithologies.
Quartz cement
Quartz cement mainly occurs as syntaxial over growths (Fig. llA) . In clay-coat-rich sandstones it also occurs as syntaxial outgrowths (Fig. llB) as a result of partial inhibition of cement growth by grain-coating clay. Quartz cementation postdates the precipitation of dolomite, feld spar (Fig. llC,D) , kaolin, much magnesite-siderite (MS1 and MS2) (Figs. 10C and lID) and, in part, chemical compaction. Some quartz overgrowths adjacent to feld spar molds show rhomboedral embayments related to the dissolution of feldspar overgrowths, indicating that some feldspar dissolution postdated quartz overgrowth (Fig. llC) . At least two generations of in-situ (i.e. non-detrital) quartz cement can be distinguished under CL. The first generation luminesces reddish and the second is virtually non-lumines cent. The second generation is found to occur as thicker layers in stratigraphically lower rocks, particularly below a bitumen-cemented interval (see below).
Quartz is generally the most abundant cement, averaging 10 vol%. In the Lower TAGI, quartz cement abundance is highly variable (1.5-30 vol%) and inversely correlates with the content in grain-coating clay (Fig. 5) . In the Middle Upper TAGI, the percentage of quartz cement is less variable (5-14.75%) and does not show any significant correlation with clay content. If the samples with packstone texture are excluded, the average contents in quartz cement are 13.1 (Lower TAGI) and 9.2 vol% (Middle-Upper TAGI).
Anhydrite and barite
Anhydrite cement typically forms submillirnetric poiki lotopic patches with replacement features affecting the margins of enclosed framework grains and cements ( Fig. llE-G) . Anhydrite preferentially replaces feldspars, argillaceous grains and carbonate cements. This is indicated by the common occurrence of corroded inclusions of these minerals enclosed in the anhydrite crystals (Fig. llE) . Anhydrite postdates compaction and all the aforementioned authigenic phases. Also, anhydrite can be seen to enclose thick, in-situ quartz overgrowths (Fig. llF) . However, else where, quartz grains embedded in the anhydrite show only minor (Fig. llG) or no overgrowth at all (Fig. llE) . This is because anhydrite preferentially replaces argillaceous pseudomatrix and dolomite or magnesite-siderite cements, as demonstrated by the common occurrence of carbonate and clay inclusions inside anhydrite crystals.
Barite has a morphology identical to anhydrite, and usually forms patches of fluid-inclusion-rich poikilotopic crystals that tend to replace extensively the margins of the enclosed detrital grains (Fig. llH,I ). Barite encloses and corrodes, hence postdates, dolomite (Fig. 111) , K-feldspar, kaolinite, magnesite-siderite, and quartz cements. Barite is invariably associated with anhydrite, and both sulfates commonly co-exist within the same patches where they do not corrode mutually.
Barite is exclusively observed in Middle-Upper TAGI samples (Fig. 5) , where it occurs in minor amounts (up to 3.75 vol% in well A, and up to 4 vol% in well B). Sim ilar to barite, anhydrite occurs in virtually all the Middle-Upper TAGI samples (up to 1 vol% in well A, and up to 1.75 vol% in well B). However, anhydrite is absent in most of the samples from the Lower TAGI except for those from the uppermost part of this unit in well A (Fig. 5) .
Minor authigenic phases
Minor amounts of late-diagenetic fibrous illite occur throughout the entire TAGI succession. It forms hair-or thread-like crystals that have replaced or intergrown with previous authigenic or detrital clays (Fig. 6E) . It also forms pore-bridges overlying, and locally partially enclosed within, quartz cements (Fig. 6F ). Illite preferentially replaces or intergrows with vermicular kaolin (Fig. 7D) .
Late-diagenetic bitumen occurs locally. It forms either pore-filling masses containing abundant vesicles and shrink age cracks or thin, dark brown coatings on surfaces of quartz overgrowths. Significant bitumen (10.25 vol%) is restricted to one specific level, where it almost completely occludes porosity. This level is located near to the interpreted present OWC. :Minor amounts of bitumen also occur immediately above this level. Elsewhere in the studied sections, bitumen is absent. 
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Reservoir properties
Primary intergranular pores, bordered by quartz over growths (Fig. llA) or clay coats (Fig. llB) , are the pre dominant pore type in all the sandstones examined. Secondary moldic and honeycomb pores, related to the dissolution of detrital and authigenic feldspar, are also present (Fig. llC) . Secondary porosity is of very minor significance in the Lower TAG!, because of its very low initial feldspar contents. However, in the Middle-Upper TAG! second ary porosity contributes significantly (2-4.75%) to total porosity.
Lower TAG!
Throughout the Lower TAG!, reservoir quality is very variable and is mainly controlled by the content in grain coating clay and quartz cement. High contents in grain coating clay result in sandstones with packstone texture (e.g. subunit TL2), which have the lowest thin-section (TS) porosities « 3%) and permeabilities «1 mD). Over all, He porosity is inversely correlated with quartz cement volume, especially if the samples with packstone texture and those extensively cemented by bitumen are excluded (r 2 � 0.82, Fig. 12A ). Permeability is poorly correlated with grain size (r" � 0.34) and clay content (r" � 0.23), and moderately correlated with intergranular TS porosity (r 2 � 0.6; Fig. 12B ). Because this porosity is in turn mainly controlled by the combined effect of quartz cement and grain-coating clay, there is also a moderate correlation between permeability and the sum of quartz cement and grain-coating clay (r 2 � 0.5; Fig. 12C ). The abundance of quartz cement in the Lower TAG! appears to be controlled primarily by grain-coating clay. There is a trend of decreasing quartz cement with increasing grain-coating clay (Fig. 12D) . However, in clay-coat-poor sandstones (i.e. <5 vol% of grain-coating clay), quartz cement varies widely (7.5-30 vol%). Some of this variation may be related to the proximity of clay-rich facies, part icularly towards the top of the Lower TAG!. Here, in clay-coat-poor sandstones adjacent to mudstone beds, quartz cementation is extensive (28-30 vol%) (Fig. 13) . Elsewhere in the Lower TAGI, quartz cementation in clay-coat-poor sandstones is less extensive but variable (7.5-21.5 vol%), and this variation is not clearly related to the proximity of clay-rich facies. In particular, this applies to the sandstones of subunit TU, which have the best reservoir quality. They have relatively high He porosities (typically 14-16%), in spite of the abundant ,'j, quartz cement (typically between 12.5 and 21.5 vol%). Moreover, their relative coarse grain size and the pre dominance of well-connected intergranular rnacropores, result in relatively high permeabilities. In subunit TU, the porosity-permeability pattern is somewhat different from the rest of the Lower TAGI: in subunit TU, the correlation between porosity and permeability is better (r 2 � 0.6), and perrneabilities are higher and less variable than in the rest of the Lower TAG!.
If the samples with packstone texture are excluded, the average He porosity is significantly lower in the Lower TAG! than in the Middle-Upper TAG! (13.7 vs. 16.6%, respectively). Interestingly, the average content in quartz cement in these sandstones is 4% higher for the Lower TAG! than for the Middle-Upper TAG!, which suggests that quartz cementation is one of the main causes of the overall lower porosity of the Lower TAGI reservoir sandstones relative to those of the Middle-Upper TAG!.
Middle-Upper TAG!
In the studied cored section, reservoir quality is relatively homogeneous across this interval. Porosity slightly decreases up-section, probably as a result of increasing detrital-clay content. The lowest porosities relate to elevated abundances of detrital clay (mud intra clasts and drapes) and thus to higher degrees of compaction (see below). TS porosities usually vary between 9.5 and 14.2% (Fig. 13) . He porosities exceed TS porosities typically by 2-10% (r 2 � 0.6), reflecting the presence of significant microporosity, which is contained within authigenic and detrital clays. Permeability is poorly corre lated with He porosity (r 2 � 0.4), and shows very poor correlations with grain size (r 2 � 0.16), clay content (r 2 � 0.19) and quartz cement (r 2 � 0.18). Sim ilar to porosity, permeability also tends to decrease up-section and the lowest permeabilities are associated with the highest abundances in detrital clay. The highest permeabilities correlate with coarser-grained lithologies (medium-grained sandstones) and also with peaks in magnesite-siderite abundance.
In well B, log-deduced reservoir quality in the Middle Upper TAG! section is significantly lower than in well A. Because this variation is not related to differences in detrital composition, grain size or clay content, it might be related to differences in the degree or type of cementation. In fact, the total volume of the cements is significantly higher in well B (23-30%) than in well A (11-22%). This variation is mainly due to magnesite-siderite (mean values: 4 vol% in well A vs. 12 vol% in well B) and sulfate (mean values: 1 vol% in well A vs. 4 vol% in well B) cements. However, these data must be treated with caution, as cutting samples tend to be biased towards more indurated lithologies. Because dolomite cement is only present in well B, it has contributed to the lower porosity in this well relative to well A.
Compaction versus cementation in porosity reduction
In matrix-free sandstones, compactional porosity loss (COPL, sensu Lundegard, 1992; initial porosities assessed after Beard and Weyl, 1973) ranges from 7 to 26%, aver aging 16%, and is closely related to the content in deposi tional clay (intraclasts, laminae, and grain coats) (Fig. 13) . Moreover, dissolution features (sutured contacts and stylo lites) are more abundant in clay-rich sandstones and in the clay-rich laminae of laminated sandstones, where porosity is severely reduced by compaction (Fig. 6A) . In the Middle Upper TAG!, COPL ranges 10-26% and shows a poor correlation with detrital clay content (r 2 � 0.3) (Fig. 13) . The lowest COPL values (�1O%) are found towards the base, where they are related to the presence of precompac tional magnesite cement (Fig. 9E) , which presumably acted as a framework-strengthening cement that inhibited mechanical compaction. In the Lower TAG!, COPL is more variable and is controlled largely by the distribution of grain-coating clay (Fig. 13) .
The total volume of the cements is higher in the lower TAG! than in the Middle-Upper TAG! (Fig. 13) . The higher cement volumes of the Lower TAGI are related to greater abundances of quartz cement and grain-coating clay. The compaction index (ICOMP, sensu Lundegard, 1992) allows the assessment of the relative importance of compaction versus cementation in the reduction of the original porosity. By plotting of ICOMP versus depth (Fig. 13 ) it appears that in the Middle-Upper TAG! compaction is more important than cementation in reducing porosity, whereas in the Lower TAGI the contrary applies.
Discussion
Provenance
The Lower TAGI sandstones had their source in silici clastic sedimentary rocks, as indicated by their high compo sitional maturity, the predominance of monocrystalline quartz, which commonly bears inherited overgrowths, the scarcity of feldspar and mica, and the presence of sandstone rock fragments. In a QtFL diagram (Dickinson, 1985) (Fig. 4D) , the Lower TAG! sandstones plot at the Qt pole, which is consistent with a 'craton interior' provenance type (Dickinson, op. cit.) . Source rocks were likely Carboniferous and Devonian siliciclastics, which subcrop the Hercynian unconformity in the central Berkine Basin (Fig. 2) . Pre Devonian siliciclastics could have been additional sources, as they were also exposed during the Triassic along major paleohighs (Echikh, 1998) . The presence of minor quanti ties of quartz grains showing bright red CL is consistent with a subordinate volcanic contribution (Owen, 1991) . It is lll1clear however if this contribution reflects penecontem poraneous volcanism or if volcanic quartz was recycled from Paleozoic strata.
By contrast, the Middle-Upper TAG! sandstones derived mainly from metamorphic terrains, presumably from the Hoggar Massif to the south. Evidence for such kind of source terrain includes the presence of significant amounts of feldspar, mica, and low-grade metamorphic rock frag ments, and the relative high percentage of polycrystalline quartz. The overall predominance of brown-red luminescent quartz is also consistent with a metamorphic source (cf. Matter & Ramseyer, 1985; Owen, 1991) . Plotted in a QtFL diagram (Dickinson, 1985) (Fig. 4D) , the detrital composition of the Middle-Upper TAG! sandstones indi cates a provenance related to the erosion of continental blocks ('transitional continental' field in Dickinson's, op. cit., diagram) . Near the base of the Middle TAG!, blue-luminescent quartz prevails, consistent with an influence of plutonic source rocks (cf. Owen, 1991) . This inference is further supported by the local presence of granitic rock fragments. An additional influence of sedimentary source areas is evidenced by the presence of rare sandstone rock fragments. The influence of plutonic sources could have been related to the erosion of granitic basement in the Dahar paleohigh (cf. Morad et aI., 1994) , which represents the northern limit of the Berkine Basin.
The marked difference in detrital composition between the Lower and Middle-Upper TAGI is thus caused by a change in provenance. This change may reflect an unroofing sequence related to progressive erosion of the flanks of the Hoggar Massif. Alternatively, the change in composition may have been caused by a variation in source area. In this case, the Lower TAG! could derive from local expo sures of Paleozoic siliciclastics, whereas the Middle-Upper TAGI could mainly derive from more distant sources, such as the metamorphic terrains of the Hoggar massif.
Origin of the authigenic phases
Vennicular kaolin
In the studied sandstones, vermicular kaolin usually shows the blocky habit typical of dickite, whose presence is confirmed by XRD. Based on the presence of thin kaolin platelets interleaved with the blocky kaolin crystals (Fig. 7) , dickite is interpreted to have replaced, at least in part, previously formed kaolinite. The paragenetic timing of this kaolinite is uncertain, but petrographic observations suggest a shallow burial origin (see above).
Because most kaolin occurs as sand-grade patches or within partly dissolved K-feldspar grains, the original precipitation of kaolinite is interpreted to have been related to the dissolution of feldspar grains. Dissolution of feldspar and concomitant precipitation of kaolinite requires pore water with low (K + , Na + )/H + ratios and a mechanism to remove excess silica and (K + , Na + ) from the system. Flux ing by freshwaters at shallow depths is a likely explanation for such kind of alteration of feldspars to kaolinite (Bj�rlykke, 1998) . Since the TAG! sandstones are fluvial in origin, they were fluxed by meteoric water immediately after deposition and also probably during the development of the subaerial unconformities that occur on top of the TAG! subunits.
Alternatively, acids from maturing hydrocarbon source rocks may have induced feldspar dissolution and, if K + was exported (e.g. to adjacent mudrocks), the subsequent precipitation of kaolinite and quartz (e.g. Worden & Barclay, 2000 ) . However, if it is correct that kaolinite originally precipitated during shallow burial, this mechan ism seems unlikely because organic matter maturation and clay-mineral reactions in mudrocks would require higher temperatures than those normally expected at shallow depths.
As discussed above, the original kaolinite was replaced by dickite. Such a replacement requires relatively high minimum temperatures (80-130°C) and pore waters with low K + /H + ratios, since otherwise illite would form (Ehrenberg et aI., 1993) . A possible source of H + during burial diagenesis is the input of acids from maturing source rocks. Because K-feldspars are abundant in the Middle Upper TAG!, the input of acids would probably result in their dissolution and the subsequent release of K + . There fore, in order to keep low K + /H + ratios, K + should have been removed from the system, for instance by exporting it to adjacent mudrocks (cf. Thyne, Boudreau, Rarnrn, & Midtb�, 200 1) As deduced from SEM observations, dickitization is postdated by a late phase of illitization. The illitization of kaolin is favored by high K + /H + ratios and low water-to rock ratios (Morad, Ketzer, & De Ros, 2000 ) . In sandstones, the K + required for late-diagenetic illitization is normally supplied by the dissolution of K-feldspars (Bj�rlykke, 1998) . In the TAG! sandstones, petrography shows that there was a late-stage phase of dissolution of detrital and authigenic K-feldspars that could have caused the partial illitization of kaolin. Illitization of kaolin in sandstones is favored at relatively high temperatures (normally above 100 °C : Wilson & Stanton, 1994) and by oil emplacement, which reduces the mobility of K + and thus prevents its possible export to adjacent mudstones (Thyne et aI., 200 1) . Therefore, in the TAG! sandstones, the observed change from dickitization to illitization may reflect an increase in burial temperature and/or the onset of oil emplacement. In the Middle-Upper TAG! reservoir, present-day temperature and fluid content (�110 °c, oil saturated) are consistent with a relatively recent timing for illitization.
Fe-dolomite cement
Fe-dolomite precipitated after minor compaction, as suggested by the kind of mutual contacts of some of the detrital grains enclosed within dolomite cement (Fig. 8a,b) , but at relatively shallow depths (no more than a few hundred meters), as indicated by the high IGV s of the dolomite cemented areas. Because the TAGI is overlain by up to � 150 m of Late Triassic and up to �700 m of Liassic deposits, dolomite precipitation most likely occurred during the latest Triassic or earliest Liassic.
The NE-trending field-bonnding fault zone conditioned the distribution of dolomite cement. Dolomite is absent in well A, and is very rare in other wells of the ORD field (Chris Carr, pers. comm.). However, in well B, which is the only well located in the downthrown block of the fault, dolomite is common throughout the Middle-Upper TAG!. This fault belongs to a regional system of extensional faults whose movement is mainly latest Triassic in age (Cochran & Petersen, 2000 ) . In the ORD field, this timing is supported by a significant thickness variation (�100 m) of the Late Triassic-earliest Liassic section across the fault zone. Because fault movement and dolomite cementation probably have similar timing, it is feasible that extensional faulting played a role in the distribution of dolomite cement, for instance by providing conduits for brine reflux.
The nature of the dolomite-precipitating waters cannot be established from the available data. However, taking into account the burial history and geological setting, it is likely that the dolomite precipitated from marine-derived waters. The TAG! is overlain by a �850-m-thick Late Triassic Liassic succession dominated by marginal marine evapor ites. Large volumes of residual brine were undoubtedly generated during this prolonged period of evaporite deposition. Taking into account that such brines have a high potential for deep penetration via density-driven reflux (e.g. Stanislavsky & Gvirtzman, 1999), they most likely replaced the original connate waters of the TAGI during its shallow burial history. The precipitation of dolomite from such brines is favored because they normally have high salinities and high Mg/Ca ratios (Usdowski, 1994) .
K-feldspar cement
K-feldspar overgrowths postdate dolomite cement but, similar to dolomite, they predate significant compaction and thus formed at relatively shallow burial depths, prob ably below a few hundred meters of overburden. K-feldspar precipitation requires high silica activities and high K + /H + ratios (Morad et aI., 2000 ) . Refluxed residual brines asso ciated with the Liassic halite evaporites are possible sources for K + . It is unlikely, however, that the alurninum and silica necessary for K-feldspar precipitation were supplied by these brines, given the low concentrations of silica and aluminurn in sea waters. Therefore, it is more likely that aluminurn and silica were internally sourced by the altera tion of detrital silicates, particularly feldspars. As discussed above, during shallow burial the TAGI sandstones were probably fluxed by hypersaline brines, which are normally acidic (Hanor, 199 4) and thus capable of dissolving detrital feldspar. Other possible internal sources of silica, such as biogenic silica, pressure solution, or Illitization of smectitic clays, can be ruled out because: biogenic silica is absent, K-feldspar overgrowths predate pressure solution, and illitization of smectitic clays is temperature dependant and normally requires minimum burial depths of 1-2 km (Wood, 1994) , inconsistent with the observation that K feldspar overgrowths predate significant compaction.
Due to the greater chemical stability of authigenic with respect to detrital feldspar, it is feasible for feldspar over growths to have precipitated concurrently with the dissolu tion of detrital feldspars (De Ros, Sgarbi, & Morad, 1994) . In the TAGI sandstones, the strong positive correlation between the contents in detrital and authigenic feldspar (r 2 � 0.83, N � 30) is consistent with this possibility, but such correlation may be also influenced by the higher availability of suitable nucleation surfaces in the sandstones richer in detrital feldspar.
Magnesite-siderite
Petrography shows that magnesite-siderite cement is multiphase and precipitated over a range of burial depths. The earliest generation (MS1), composed by ferroan magnesite, precipitated during relatively shallow burial, as indicated by the high IGV preserved within MSl patches. Later generations, mainly composed by magnesian siderite, postdate compaction and thus precipitated during deeper burial.
The precipitation of diagenetic magnesite requires pore fluids with Mg/Ca molar ratios exceeding 40 (Aharon, 1988) . Also, because aqueous Mg 2+ is highly hydrated and thus relatively unreactive, the formation of magnesite at relatively low temperatures requires solutions of very high ionic strength, which are given by chloride solutions (Purvis, 19 89; Usdowski, 1994) . Magnesite precipitation is thus favored in halite-saturated evaporated sea waters, which are characterized by very high Mg/Ca molar ratios and high ionic strength (Usdowski, 1994) . In the Berkine basin, such brines were certainly generated during the deposition of the Liassic evaporites, which include halite intervals exceeding 300 m in total thickness. Because the TAGI sandstones are located just below the evaporites, the residual brines should have migrated into them by means of density-driven reflux. Therefore, the magnesite cements probably precipitated during shallow burial from residual brines, related to the deposition of Liassic halite evaporites (cf. Garber, Harris, & Borer, 1990; Purvis, 1989) . The precipitation of the TAG! magnesites from connate meteoric waters is unlikely, because these waters normally have low Mg/Ca ratios. Moreover, an enrichment in Mg of the initial meteoric waters is improbable because no Mg-rich rocks (such as ultramafic rocks or non-marine evaporites) are known in the area.
The high Fe u content of the MSl magnesites indicates availability of reduced Fe u . Possible sources of Fe are the reduction of hematite and goethite, common in the Lower TAGI, or chlorite and biotite, present in minor amounts in the Middle-Upper TAG!. Later, burial-diagenetic more Fe rich magnesite-siderite generations (MS2 and MS3) have compositions that indicate precipitation from waters with progressively higher Fe/Mg ratios.
Quartz cement
Quartz cement postdates significant compaction and has thus precipitated during relatively deep burial. It is likely that most of the silica required for quartz cementation was internally sourced by the pressure-or clay-induced dissolution of detrital quartz grains. This is suggested by the common presence of quartz dissolution features (intergranular dissolution contacts and stylolites) in most of the sandstones examined. Also, in the Lower TAG!, this source of silica for quartz cement is suggested by the alternation of: (1) relatively clay-poor sandstones rich in quartz cement, and (2) clay-coat-rich, more tightly compacted sandstones with little quartz cement and promi nent quartz dissolution features.
As discussed above, in the Lower TAGI sandstones quartz cement is inhibited by grain-coating clay. This inhibition effect is commonly reported in the literature and is normally attributed to the reduction in surface area available for nucleation of authigenic quartz (e.g. Ehrenberg etal., 1993; Fisher, Knipe, & Worden, 2000 ) . Grain-to-grain dissolution features are better developed in clay-coat-rich sandstones (Fig. 6A ,C) than in nearby clay-coat-poor sand stones (Fig. lIA) , indicating that intergranular illitic clays played a major role in quartz dissolution (cf. Bj �rkum, 1996) . It is thus reasonable to assume that clay-coat-rich sandstones exported silica to adjacent clay-coat-poor sand stones. In the Middle-Upper TAG!, there is no such alter nation of clay-coat-poor and clay-coat-rich sandstones, but grain-to-grain dissolution features and stylolites are common.
Besides detrital quartz dissolution, clay-mineral reac tions in intercalated mudstones might have contributed some additional silica for quartz cementation, especially in the Lower TAG!. This contribution would explain the anomalously high volumes of authigenic quartz observed in the clay-coat-poor sandstones from the uppermost part of the Lower TAG!, which occur intercalated between relatively thick mudstone intervals (Fig. 5) .
Other possible additional source of silica for quartz cementation is the dissolution of K-feldspar during burial diagenesis, which releases silica and may result in the pre cipitation of quartz and illite (e.g. Barclay & Worden, 20oob; Bj �rlykke & Egeberg, 1993) . If kaolin is present in the system, the dissolution of K-feldspar may cause the illitization of kaolin, providing additional silica (Thyne et aI., 200 1) . In the TAG! sandstones, petrography shows that a late-stage phase of dissolution indeed affects detrital and authigenic feldspar, and that some kaolin is illitized. There fore, it is feasible that part of the silica required for quartz cementation is related with the late-stage dissolution of K feldspar. However, because of the very low original feldspar content of the Lower TAGI sandstones, this potential source of silica could be significant only in the Middle-Upper TAG!. In any case, in this unit the average volume of feld spar-related secondary porosity is low (3.3%) compared to the average volume of authigenic quartz (9.2%), and thus the contribution of feldspar-sourced silica to quartz cement is probably subordinate.
At a local scale, the primary control on quartz cementa tion is the distribution of depositional clay, especially clay coatings. For this reason, the vertical distribution of quartz cement abundance CaImot be used directly to evaluate the effect of oil charging on quartz cementation. It is known that oil charge can slow down quartz cementation and thus explain preferential quartz cementation in water zones (Marchand, Haszeldine, Macaulay, Swennen, & Fallick 2000; Worden & B arclay, 2000; Worden, Oxtoby, & Sm alley, 1998) . In fact, the second quartz generation is thicker in the samples located below a prominent bitumen-cemented interval located close to the present-day owe and likely formed by means of selective removal of water-soluble compounds from the petroleum (cf. Barclay & Worden, 2000 a).
Sulfate cements
Anhydrite and barite cements precipitated very late, because they postdate compaction and all the above described authigenic phases. Both sulfates are usually found together in the same patches, suggesting that they are genetically related. The scarcity of quartz overgrowths inside some barite-anhydrite patches might indicate that some sulfate predated quartz overgrowth (cf. Morad et aI., 1994) . Nevertheless, anhydrite and barite usually replace previous phases, especially carbonates (Fig. 11 G,H) . As a consequence, the sulfates locally mimic the textural relationships of carbonate cements, which largely predate quartz cement. In conclusion, the scarcity of quartz over growths inside certain sulfate patches is compatible with the precipitation of all sulfate after quartz cementation, since the sulfates may have replaced pre-quartz carbonate cements.
The sulfate necessary for anhydrite and barite formation was likely sourced by the dissolution of anhydrite, which is abundant in the evaporite sequence overlying the TAG!. The deep subsurface dissolution of halite-anhydrite sequences normally produces sulfate-bearing brines (Hanor, 199 4 ) from which anhydrite and barite cements may pre cipitate. Such a sulfate source has been demonstrated for numerous occurrences of late-stage barite and anhydrite cements in deeply buried sandstones from different basins (Dworkin & Land, 1994; Gluyas, Jolley, & Primmer, 1997; Greenwood & Habesch, 1997; Sullivan, Haszeldine, Boyce, Rogers, & Fallick, 1994) .
Other possible sources for the sulfate of the TAG! anhy drites and barites appear unlikely. Sea water is not a likely source because: (l) sulfate concentrations in marine waters are rapidly depleted with depth (Dworkin & Land, 1994) , and (2) the sulfates precipitated very late, when reflux of concentrated sea waters from the surface into the TAGI was improbable because of deep burial and sealing by a thick impervious evaporite section. The oxidation of pyrite is also an lll1likely source of sulfate, because reducing conditions should normally prevail during the deep burial diagenesis of oil reservoir rocks. The source of Ba 2+ and Ca 2+ for barite and anhydrite formation cannot be established from available data. However, an internal Ba 2+ source is suggested by the strati graphic distribution of barite cement, which is restricted to the Middle-Upper TAG! sandstones. A plausible internal Ba 2+ source is the dissolution of detrital K-feldspar, since (1) detrital K-feldspars may contain barium, (2) petro graphy has shown that K-feldspar was partially dissolved during late-stage diagenesis, when barite cements formed, and (3) the Middle-Upper TAG! sandstones contain abundant detrital K-feldspar, which is virtually absent in the Lower TAG!. Similarly to barite, most anhydrite occur rences are restricted to the Middle-Upper TAG!, which would be consistent with a contribution of internally sourced Ca 2+ .
Because anhydrite and barite are probably late diagenetic and show no signs of dissolution, the sulfate-precipitating waters could have been relatively similar to the present-day formation brines. In the Triassic sandstone reservoirs of the central Berkine Basin, these brines are extremely saline (>350 g/l), CI-Na-Ca-Mg dominated, but contain signifi cant sulfate (Askri et aI., 1995; Ben Dhia & Chiarelli, 1990; Morad et aI., 199 4; 1. Navarro, pers. comrn.) . Although the origin of these brines is probably complex, their extremely high salinity suggest that the dissolution of evaporites might have played a role in their formation (cf. Hanor, 1994) . Some compositional features of the present-day brines, such as the presence of sulfate, contents in Ca higher than in Mg, low Br concentrations, and low Br/Cl ratios, are also consistent with a significant contribution of solutes derived from the dissolution ofhalite-anhydrite evaporites (Carpen ter, 1978; Hanor, 1994) . Along the SE border of the Berkine Basin, gravity-driven flow of meteoric waters is currently taking place through TAG!-equivalent sandstones (Ben Dhia & Chiarelli, 1990; Boote et aI., 1998; Chiarelli, 1978; Echikh, 1998) . Salinity gradients and potentiometric data show that this flow does not currently affect the central part of the basin (Ben Dhia & Chiarelli, 1990) . However, we CaImot exclude this possibility during past humid climatic phases, providing thus a possible mechanism for deep subsurface dissolution of the Liassic evaporites.
Based on mutual textural relationships and the above discussion, the interpreted relative chronology of the differ ent diagenetic features is summarized in Fig. 14. 
Implications for reservoir quality
Provenance has influenced reservoir quality mainly by conditioning the distribution of detrital feldspars, which caused significant variation in the diagenetic paths followed by the Lower TAG! quartz arenites and the Middle-Upper TAG! subarkoses.
Secondary porosity created by the dissolution of feldspar is only significant in the Middle-Upper TAG!, where it has contributed notably (mean: 3.3%) to total porosity. However, this secondary porosity generation was balanced in part by the precipitation of by-products of feldspar dis solution, such as authigenic K-feldspar (mean: 1.3%) and kaolin (mean: 1.3%). Furthermore, the precipitation of sulfate cements is largely restricted to Middle-Upper TAG! sandstones (mean: 0.7% ), possibly because feldspar dissolution provided the required cations.
The precipitation of late-diagenetic illite may critically influence the permeability of feldspar-bearing sandstones (e.g. Rarnrn and Ryseth, 1996; Midtbp et aI., 2000 ) . In the cored Middle-Upper TAG! section studied, however, illiti zation is incipient and thus seems not to be a critical factor for reservoir quality. This sandstone section is currently at �3250 m of depth, where corrected present-day tempera tures are �110 °C (Yahi et aI., 2001) . Because illitization is influenced by temperature (Bj�rlykke, 1998) , the impact of late-diagenetic illite on permeability could be highly signif icant in more deeply buried Middle-Upper TAG! sandstone sections.
Other diagenetic factors, not directly controlled by detrital composition, have caused significant variation in reservoir quality within the TAG!. Compaction and espe cially quartz cementation are perhaps the most important. In the Lower TAG!, both factors are primarily controlled by the distribution of grain-coating clay, which is in turn fades controlled and thus potentially predictable. In the Lower TAG!, the content in grain-coating clay is stratigraphically variable, resulting in major variations of reservoir quality. Besides, quartz cement seems to be the main cause for the overall lower porosity of the Lower TAG! sandstones with respect to the Middle-Upper TAG! sandstones.
Cementation by dolomite accounts for a significant lateral variation in porosity. The areal distribution and paragenetic timing of the dolomite is consistent with the interpretation that cementation was favored in the downthrown block of the NE-trending, field-bounding fault. Porosity reduction by rnagnesite-siderite cement is of subordinate importance and has not produced any significant vertical variation in reser voir quality, at least in the studied sections. By contrast, some magnesite precipitated relati vely early and thus may have acted as a framework-strengthening cement, inhibiting mechanical compaction, and thus contributing to porosity preservation.
Conclusions
1. There is a significant change in detrital composItIOn between the Lower and Middle-Upper TAG! sand stones, caused by a change in provenance. The Lower TAG! quartz arenites were probably derived from Paleozoic siliciclastic rocks. By contrast, the Middle Upper TAG! subarkoses most likely derive mainly from metamorphic terrains, presumably the Hoggar Massif, with a subordinate influence of granitic and sedimentary source areas. This change in provenance provides a potential criterion for stratigraphic correlation. 2. Grain-coating illitic and locally kaolinitic clays, common in the Lower TAGI sandstones, originated from pedogenesis and/or clay infiltration. Facies-related variations in the volume of grain-coating clay is one of the most important factors controlling the porosity and permeability of the Lower TAG! sandstones. 3. Shallow burial Fe-dolomite cementation occurred preferentially in the downthrown block of the NE-trend ing, field-bounding fault, causing significant lateral variations in porosity. Dolomite cementation was possibly related to the activity of this fault during the latest Triassic-earliest Liassic.
4. Magnesite-siderite cement is multiphase and precipi tated over a range of burial depths. The earliest genera tion is composed by ferroan magnesite and precipitated during shallow burial from pore fluids with Mg/Ca molar ratios and very high ionic strength, possibly halite-saturated evaporated sea waters originated during the deposition of the Liassic evaporites and subsequently refluxed into the TAG! sandstones. Later magnesite-siderite generations precipitated during deeper burial from waters with progressively higher Fe!l\1g ratios. Porosity reduction by magnesite-siderite cements has not produced any significant vertical variation in reservoir quality, at least in the studied sections. 5. K-feldspar overgrowths precipitated during shallow burial. Silica and aluminum were probably derived inter nally from the dissolution of detrita l feldspar. Refluxed hypersaline brines possibly provided protons and high potassium activities, necessary for detrital feldspar dissolution and K-feldspar authigenesis, respectively. 6. The precipitation of authigenic vermicular kaolin was related to the dissolution of detrital feldspar. Kaolin largely consists of dickite, which replaced previously formed kaolinite. Dickitization occurred during rela tively deep burial, and was postdated by a late-stage phase of illitization linked to the dissolution of detrital and authigenic K-feldspar. The change from dickitization to illitization may reflect increasing burial temperature and/or oil emplacement. Illitization is incipient and does not critically affect reservoir quality, at least in the cored section studied. 7. Quartz cement precipitated during deep burial. A signif icant part of the silica was internally sourced by the dissolution of detrital quartz. Feldspar-related reactions (in the Middle-Upper TAG!) and clay-mineral reac tions in intercalated mudstones (in the Lower TAG!) might have contributed additional silica for quartz cementation. 8. Quartz cement is one of the most important factors controlling the reservoir quality of the TAG! sand stones. Quartz cement is the main cause of the lower average porosity of the Lower TAGI sandstones with respect to the Middle-Upper TAG! sandstones. The influence of quartz cement is particularly apparent within the Lower TAGI, where quartz cement ablll1-dance is stratigraphically very variable and results in prominent vertical variations in porosity and permeabil ity. A large part of the variation in quartz cement is controlled by grain-coating clay, which in turn depends on depositional facies. 9. Anhydrite and barite cements precipitated very late. The sulfate necessary for their formation was likely sourced by the deep subsurface dissolution of the Late Triassic Liassic evaporites overlying the TAG!. Cations were possibly derived internally from the dissolution of feldspars in the Middle-Upper TAG!.
10. Provenance has influenced the diagenesis mainly by conditioning the distribution of detrital feldspars. Feld spar-related secondary porosity, authigenic K-feldspar, vermicular kaolin, and sulfate cements are largely restricted to the Middle-Upper TAG!, but the influence on reservoir quality of these diagenetic products is probably higber for permeability than for porosity.
